The genetic and epigenetic alterations that underlie cancer pathogenesis are rapidly being identified. This provides novel insights in tumor biology as well as in potential cancer biomarkers. The somatic mutations in cancer genes that have been implemented in clinical practice are well defined and very specific. For epigenetic alterations, and more specifically aberrant methylation of promoter CpG islands, evidence is emerging that these markers could be used for the early detection of cancer as well as prediction of prognosis and response to therapy. However, the exact location of biologically and clinically relevant hypermethylation has not been identified for the majority of methylation markers. The most widely used approaches to analyze DNA methylation are based on primer-and probe-based assays that provide information for a limited number of CpG dinucleotides and thus for only part of the information available in a given CpG island. Validation of the current data and implementation of hypermethylation markers in clinical practice require a more comprehensive and critical evaluation of DNA methylation and limitations of the techniques currently used in methylation marker research. Here, we discuss the emerging evidence on the importance of the location of CpG dinucleotide hypermethylation in relation to gene expression and associations with clinicopathologic characteristics in cancer. Clin Cancer Res; 17(13); 4225-31. Ó2011 AACR.
Introduction
DNA methylation is involved in regulating gene expression in normal physiology (e.g., by managing imprinting, X-chromosome activation, and tissue-specific gene expression) and disease (e.g., neurodevelopmental and degenerative disorders, autoimmune diseases, and cancer; ref. 1) . DNA hypermethylation-induced silencing of tumor suppressor and DNA repair genes is a frequent phenomenon affecting the hallmarks of cancer (2, 3) . Aberrant DNA methylation often occurs around the transcription start site (TSS) within a CpG island, and as was recently shown, even outside of the traditionally defined islands (4, 5) . These hypermethylation markers are promising tools to detect cancer cells in tissue and body fluids (6, 7) with the use of simple PCR technology (8) (9) (10) . Proof of principle for the clinical value of methylation markers has been reported for early detection and classification of cancer (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) , risk assessment and prognosis (19, (22) (23) (24) , and prediction of therapy response (25) (26) (27) , with some already having shown their importance in (pre)clinical practice. Thus, the promise of methylation changes to become a powerful diagnostic and predictive tool (6) is becoming a reality.
Nevertheless, the clinical value of biomarkers depends on the accuracy and prognostic or predictive value of the marker. The CpG islands of a variety of cancer-associated genes have been evaluated for methylation, and positive, negative, and null associations with gene expression and clinical characteristics are reported. Here, we discuss emerging evidence on the importance of the location of aberrant CpG dinucleotide methylation in relation to gene expression and its clinical value in cancer.
Location of Biologically Relevant Methylation in Promoter CpG Islands
The dogma that promoter CpG island methylation generally induces gene silencing is currently being specified. Specific regions within the promoter CpG islands, designated as core regions crucial for regulating gene expression, are rapidly being identified. As illustrated in Fig. 1 , these regions are often situated around the TSS within a CpG island but can also be observed more upstream or downstream of the TSS.
One of the first studies to show that hypermethylation of a specific locus is critical for transcriptional repression was conducted in the human bladder cancer cell line T24.
Treatment with the demethylating agent 5-aza-2 0 -deoxycytidine resulted in different expression levels of cyclindependent kinase inhibitor 2A (CDKN2A) in the acquired subclones. No direct correlation between the degree of methylation and gene expression was observed. However, demethylation of a specific region upstream of exon 1 did correlate with reexpression, whereas CpGs in the vicinity of this region showed methylation in all subclones (28) . Similarly, expression of human telomerase reverse transcriptase (hTERT) was reported in a variety of cancer cell lines despite dense promoter hypermethylation at the region initially analyzed (upstream of TSS; ref. 29) . A more detailed analysis of the promoter CpG island region around the TSS revealed that silencing of hTERT expression was associated with dense methylation at, or in close proximity to, the TSS and is independent of methylation more upstream of TSS (29) . Similar observations have been reported for the TGF-b signaling target RUNX3 (30) and the T-cell differentiation protein MAL (31) in gastric cancer cell lines and primary gastric cancers.
Core regions have also been observed outside the direct TSS region. A small region proximal to the MLH1 TSS has been identified to regulate expression by methylation in 24 colorectal cancer cell lines (32), whereas hypermethylation upstream of this region did not influence MLH1 expression (32) and was later suggested to be age-related (33) . The same correlation was observed in 64 primary colorectal cancers (34) as well as in 123 patients with colorectal cancer in an independent study (35) . Similarly, mapping of WIF-1 promoter CpG island hypermethylation reveals regional methylation just proximal to the TSS that correlates with transcriptional silencing, whereas other more upstream regions do not (36) .
CpG island methylation analyses of SOCS1 in hepatocellular carcinoma cell lines revealed one unmethylated cell line without SOCS1 expression. More detailed analyses by bisulfite sequencing of a larger region revealed regional and clustered hypermethylation more downstream of the initially analyzed region, indicating a silencing effect by methylation in this critical 3 0 -TSS region (37) .
Interestingly, a recent study showed transcriptional silencing of TTP in liver cancer by hypermethylation of a specific single CpG site. One specific CpG dinucleotide, located at the 5 0 -boundary of the CpG island, was exclusively hypermethylated in transcriptionally silenced cell lines (38) . This observation narrows down the core region for hypermethylation-induced silencing of TTP to just one CpG dinucleotide.
These studies show that transcriptional silencing does not require hypermethylation of the entire CpG island, but that methylation of a few gene-specific core CpG dinucleotides, most likely associated with transcription, may be sufficient. It is important to realize that data obtained solely in cell lines can be biased, as they exhibit significantly more CpG island methylation than the primary tumors they represent (39) and thus proof of principle in primary tumors is required. Identifying the core regions regulating gene expression is essential for evaluation of the clinical value of DNA hypermethylation ( Fig. 1) . For example, two regions within the MAL promoter were analyzed for methylation in gastric cancer samples. Hypermethylation of both regions occurred in 71% and 80%, respectively; however, only methylation at the region closest to the TSS was correlated with a better disease-free survival (31) . In addition, increased expression of MAL in serous ovarian cancer patients with a poor prognosis is associated with decreased methylation of a specific region of the MAL promoter (40).
We recently described a region in the promoter CpG island of GREM1 that was specifically associated with poor prognosis in clear cell renal cell carcinoma. Three regions were analyzed for hypermethylation, but only one was correlated with poor survival (23) . This indicates that location of hypermethylation is also important for marker discovery.
These studies clearly indicate that the biological and clinical consequences of promoter CpG island hypermethylation are strongly dependent on silencing of expression-regulating core regions in the CpG island. Although clinically relevant hypermethylation of a specific locus is not always perfectly associated with gene expression and might serve as a surrogate marker for functional hypermethylation of another locus, we expect that the best validated markers will be those for which good correlations between DNA methylation and gene expression exist.
Hypermethylation outside core regions is frequently observed in cancer cells but sometimes also in normal cells (41) (42) (43) (44) and is correlated with aging and chronic inflammation (41-43, 45, 46) . This is hypothesized to progress toward the core region, initiating gene silencing (47) . For example, a demarcation has been observed between RASSF1A hypermethylation in exon 1 and in its immediate upstream promoter region. In normal breast tissue, exon 1 is methylated without affecting gene expression, whereas in breast cancer samples, hypermethylation is observed in both exon 1 and its immediate upstream promoter region that is associated with RASSF1A silencing. A progressive spreading from exon 1 upstream is proposed, which can Translational Relevance DNA hypermethylation markers are promising molecular diagnostic markers. Although proof of principle for the clinical value of some hypermethylation markers has been reported for early detection and classification of cancer, risk assessment, and prediction of therapy response, the exact location of biologically and clinically relevant hypermethylation has not been studied comprehensively, mainly because of technical limitations. Understanding the complexity and significance of location in DNA methylation analyses will lead to accurate identification of biologically and clinically relevant location of DNA methylation and will enable translation of data into accurate biomarker assays. occur early in breast tumorigenesis (48) . Additional evidence for spreading of hypermethylation in the promoter CpG island region has been observed for CDKN2B in leukemia (49), CDKN2A (50), MGMT (51), and NDRG4 (11) in colorectal cancer, and for RUNX3 (30) in gastric cancer.
Spreading of DNA methylation is often consistent with increasing density of methylation, but whether density itself or spreading toward (expression regulating) specific regions is correlated with gene silencing is currently not clear.
Location of DNA Methylation Initiation
It might be speculated that the core region for which hypermethylation is associated with gene silencing and clinical consequences has specific (sequence) characteristics. To study this hypothesis, Feltus and colleagues applied DNA pattern recognition techniques in a DNA cytosine-5-methyltransferase 1 (DNMT1) overexpressing human cell culture model and showed that methylation-prone and methylation-resistant CpG islands can be distinguished by an underlying sequence signature based on 13 DNA motifs (52, 53) . These motifs were proposed to represent protein-binding sites involved in the susceptibility to or prevention of DNA methylation. Although the methylation-prone motifs do not obviously resemble a transcription factor consensus sequence or protein-binding site, transcription factors PML-RAR (54) and c-Myc (55) have shown the ability to initiate DNA hypermethylation by the recruitment of DNA methyltransferase enzymes (DNMT)
Core region methylation result
Gene silencing (25) Gene silencing (29) Gene silencing (26) Gene silencing (27) Worse prognosis (20) Gene silencing (33) Gene silencing (35) Gene silencing ( The catalytic subunit of telomerase, hTERT, showed a core region from À150 to þ150, relative to TSS. The important region in the human runt-related transcription factor 1, RUNX1, was reported from À194 to þ451 relative to the TSS. Methylation at MAL promoter from À92 to À7 relative to the first ATG correlated with expression and survival (B). Another region was found at À452 to À266 relative to the TSS, which showed a correlation with worse prognosis (A). Middle, the region À248 to À178 relative to the TSS of the mismatch repair gene MLH1 was identified as the core region. For the Wnt-pathway antagonist Wnt inhibitory factor-1 (WIF-1), the core region is reported to be proximal to the TSS from À295 to À95. TTP, a negative posttranscriptional regulator of c-Myc, uniquely showed one CpG at À500 bp at the 5 0 -boundary of the CpG island, as the core dinucleotide. Bottom, for the bone morphogenetic protein (BMP) pathway antagonist GREM1, the region þ311 to þ471 relative to the TSS showed clinical correlations when methylated. The core region of a negative regulator of the Janus-activated kinase (JAK)/STAT pathway SOCS1 was identified at þ901 to þ924 (relative to new TSS). Note: differences in location as compared with Yoshikawa and colleagues (ref. 37 ) are due to a repositioning of the predicted TSS after publishing (680 bp more upstream according to the previous predicted TSS position). Original reported core region at þ221 to þ244.
to specific loci. The opposite is observed for the presence of Alu elements (52) and Sp1-binding sites (56, 57) , as well as binding of the insulator protein CTCF (58) , which are all associated with resistance to DNA hypermethylation. Subsequent studies have shown that genes with a methylationprone sequence motif and genes characterized by Polycomb group (PcG) protein occupancy in embryonic stem cells are strongly related (59) . PcG proteins have been shown to mark target genes in the progenitor or stem cell state by targeting H3K27 histone methylation. Several observations indicate that there could be a functional link between PcG protein binding and CpG island hypermethylation. First, the reported percentage of PcG-binding sites that correspond to CpG islands ranges from 50% to 88% (60, 61) . Second, direct interactions have been described between PcG proteins and DNMTs (62, 63) . Third, PcG target genes are up to 12 times more likely to have cancerspecific promoter hypermethylation than non-PcG targets (64) (65) (66) . These observations make it tempting to speculate that PcG proteins recruit DNMTs to their target genes and thereby induce aberrant transcriptional silencing of promoter CpG islands by DNA hypermethylation.
Location of Methylation Outside of Classical Promoter CpG Islands
DNA methylation studies in cancer initially focused on gene promoter CpG island hypermethylation. However, recent research revealed novel insights on the location of DNA hypermethylation. Hypermethylation of intra-and intergenic CpG dinucleotides might contribute to regulating gene expression by functioning as alternative promoters (5) . For example, in-depth investigation of the human SHANK3 locus ($60 kb) showed hypermethylation-regulated intragenic promoter activity, expressing alternative transcripts in a tissue-(brain) and cell-type (primary cortical astrocyte)-specific manner (5) . In addition, other gene-regulating regions such as enhancers, which are cisregulatory DNA sequences that increase transcription independent of their orientation and distance relative to the TSS, can be regulated by hypermethylation (67, 68) . For example, hypermethylation-dependent enhancer-like activity, located at a CpG island in EGFR2 intron 1, is suggested to regulate transcription (69) .
Evidence is accumulating that CpG island hypermethylation in bidirectional promoters is correlated with silencing of both genes, thereby possibly accelerating tumorigenesis, for example, in the gene pairs WNT9A/ CD558500, CTDSPL/BC040563, KCNK15/BF195580, and MLH1/EPM2AIP1 (70, 71) . Even in promoters without a classical CpG island (low CpG density), hypermethylation still can regulate expression, as has been shown for Maspin in breast cancer (72) .
Although the impact of DNA hypermethylation has been studied mainly in CpG islands located at TSSs (73), Irizarry and colleagues recently introduced the term "CpG island shores" (4), regions with a relatively low CpG density located within 2 kb of traditional CpG islands. Aberrant methylation in these shores was reported to segregate tissue subtypes and cancerous tissue from matched normal tissues (4). These observations change the current focus from exclusively CpG islands in promoter regions to much larger regions of interest, which potentially possess regulatory regions previously characterized.
The biological relevance of hypermethylation throughout the gene locus by means of long-range interactions with the promoter region has recently been shown by Tiwari and colleagues (74) . They reported DNA methylation at 6 of 7 CpG islands, including the island spanning the TSS, throughout the GATA4 gene. Chromatin looping can enable long-range interactions of these islands around a single gene. This can cluster aberrant methylation of CpG islands and other epigenetic markers, thereby facilitating and enhancing transcriptional repression (74) . These findings demand mapping of DNA hypermethylation of genes in higher-order chromatin structures as there might be an additional role for chromatin looping in mediating gene expression.
Frigola and colleagues showed for the first time that clusters of genes could be coordinately repressed by epigenetic mechanisms, a concept termed long-range epigenetic silencing (LRES; ref. 75). They identified an epigenetically repressed 4-Mb spanning region of chromosome 2q14.2. Genes located in this cytogenetic region are affected by hypermethylation of clusters of neighboring CpG islands and coordinately inactivated by chromatin remodeling. Similar LRES mechanisms have been observed by others in chromosomal regions 3q22 (76) and 5q35.2 (77) . Recently, 47 LRES regions were identified in prostate cancer, typically spanning about 2 Mb and harboring approximately 12 genes (78). Global gene silencing by LRES is comparable with genetic deletions by LOH, as large regions become simultaneously inactivated. Therefore, LRES provides an efficient silencing mechanism in cancer development.
Furthermore, nucleosome organization, location, and dynamics are critical for gene regulation. Lin and colleagues studied MLH1 silencing by hypermethylation and nucleosomal occupancy in cancer (70) . They showed nucleosome depletion just upstream of each start site on the active MLH1 promoter in normal cells, whereas 3 nucleosomes were present on the hypermethylated, inactive promoter. Moreover, gene reactivation induced by the demethylating agent 5-aza-2 0 -deoxycytidine involved promoter nucleosome removal, suggesting that epigenetic silencing may involve the (reversible) movement of nucleosomes into previously vacant positions (70) . Changes in nucleosomal occupancy not only occur at TSS regions but also at enhancers acting at variable distances from the start site (79).
Conclusions and Perspectives: Reflect on Location
misinterpreted information on the associations among DNA hypermethylation, gene expression, and clinical parameters. Promoter CpG islands of genes have often been reported as "unmethylated" or "hypermethylated," based on the data of only a small number of CpG dinucleotides independent of location or the assays that have been used. Because it now has become clear that the location of core regions and the density of methylation required for gene silencing can vary per gene, a broader view than just the classical dogma of promoter CpG island methylation and gene silencing is needed to interpret data on DNA hypermethylation, gene expression, and clinicopathologic associations. Unexpected results do not per se contradict this dogma regarding the complexity and the number of parameters involved in epigenetic silencing. In addition, all the above-mentioned phenomena might be tissue, cell-type, cancer type, genomic region, or gene specific, thereby complicating data analysis, interpretation, and validation of results and conception of the literature.
These considerations underscore the importance of detailed analysis of CpG dinucleotide analysis and careful data analysis, with regard to diverse techniques and/or primer and probe design. Results of analyses at the same region are dependent on the detection method, that is, primer (design), reagents, detectors, equipment, and protocols, which all influence sensitivity and specificity. Frequently used technologies are restriction enzyme-and/or bisulfite-based analyses, the results of which are highly dependent on primer-and/or probe/microarray design-like methylated-specific PCR (MSP; ref. 80 (86) are promising in this respect. However the technical limitations (such as sensitivity/specificity and resolution, but also bisulfite conversion, CpG coverage, number of methylated CpG sites, choice of region analyses, etc.) have to be considered, especially when reporting methylation data. Furthermore, hydroxymethylcytosine (hmC) has been discovered recently, but its role is as yet unknown. It is hypothesized that the presence of hmC in DNA can inhibit methyl-binding proteins, enzymatic functions, and gene expression. Enzymatic-or bisulfite-based approaches cannot discriminate between hydroxy-and 5-methylcytosine because of structural similarity (87) . Therefore, the possible presence of hmC should be considered in future methylation assay design.
The future discovery of clinically relevant hypermethylation markers would preferably be genome-wide and location-and CpG density-independent. In contrast, subsequent sequence-specific methylation analyses would need to be core-region specific. Careful and thorough experiment and assay design will lead to the development of sensitive and specific hypermethylation markers that can be used for early detection of cancer and prediction of prognosis and response to anticancer therapy. These methods enable independent validation by studying the same core regions, accurate identification of the biologically relevant location of hypermethylation, and translation of data into an accurate biomarker assay.
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